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Abstract
A coordinate space description of shadowing in deep-inelastic lepton-nucleus scat-
tering is presented. The picture in the laboratory frame is that of quark-gluon
fluctuations of the high-energy virtual photon, propagating coherently over large
light-cone distances in the nuclear medium. We discuss the detailed dependence of
the coherence effects on the invariant mass of the fluctuation. We comment on the
issue of possible saturation in the shadowing effects at very small Bjorken-x.
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1 Introduction: shadowing, diffraction and coherence
length
High precision data on shadowing effects in deep-inelastic lepton-nucleus scattering have
become available from measurements at CERN (NMC) and FNAL (E665) (for recent
reviews see e.g. [1, 2, 3]). Shadowing appears at small values of the Bjorken variable, x =
Q2/(2Mν) < 0.1, as a significant reduction of nuclear structure functions FA2 compared to
the free nucleon one (qµ = (ν, q) is the four-momentum of the exchanged virtual photon
with Q2 = −q2, and M is the nucleon mass).
A closely related process, diffractive photo- and leptoproduction of hadrons from free
nucleons, has been investigated in great detail lately at the HERA collider (for a review
see e.g. [5]). The connection between shadowing and diffraction has been observed already
in Ref.[6]: both processes are driven by the scattering of hadronic components present in
the interacting high-energy (virtual) photon. While diffraction reveals the mass spectrum
of these hadronic fluctuations, shadowing is a direct measure of their coherent interaction
with the nuclear medium. Nuclear shadowing in deep-inelastic lepton scattering can
therefore be viewed as the optics of hadronic (quark-antiquark plus gluon) components
of the photon in the nuclear medium. It provides a tool for investigating the hadronic
structure and properties of high-energy (virtual) photons.
For the following discussion we choose the laboratory frame, where the target is at rest,
and take the photon momentum q in the zˆ-direction. The nuclear structure function FA2 ,
or equivalently, the photon-nucleus cross section σγ∗A = (4π
2α/Q2)AFA2 can be separated
into a piece which accounts for the incoherent scattering from individual nucleons, and a
correction due to the coherent interaction with several nucleons, σγ∗A = Aσγ∗N + δσγ∗A.
The dominant contribution to coherent multiple scattering is described by the well known
relation [6, 7]:
δσγ∗A = −8π
∫ W 2
4m2pi
dM2X
∫
d2b
∫ +∞
−∞
dz1
∫ +∞
z1
dz2 ρ
(2)
A (b, z1, z2) cos [(z1 − z2)/λX ]
× d
2σdiffγ∗N
dM2Xdt
∣∣∣∣∣∣
t≈0
exp
[
−σXN
2
∫ z2
z1
dz ρA(b, z)
]
. (1)
A state X with invariant mass MX is produced diffractively in the process γ
∗N → XN ,
with the nucleon located at (b, z1). The upper limit of MX is determined by the avail-
able γ∗N center-of-mass energy W . The hadronic excitation propagates at fixed impact
parameter b and scatters from a second nucleon at z2. The underlying basic mecha-
nism, i.e. diffractive production from a single nucleon, is described by the cross section
d2σdiffγ∗N /dMXdt taken in the forward direction with t = (p− p′)2 ≈ 0, where p and p′ are
the four-momenta of the active nucleon before and after the diffractive interaction. The
nuclear two-particle density, ρ
(2)
A (b, z1, z2) accounts for the probability to find two nucleons
in the target at the same impact parameter. The exponent in (1) approximates additional
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interactions of the diffractively produced hadronic states while they propagate from z1 to
z2. The strength of these higher order multiple scattering contributions is described by
the effective cross section σXN . Finally, the cos [(z1 − z2)/λ] factor implies that only those
diffractively produced hadrons which have a longitudinal propagation length (coherence
length)
λX =
2ν
Q2 +M2X
=
1
Mx
(
Q2
Q2 +M2X
)
(2)
larger than the average nucleon-nucleon separation (d ≃ 2fm) in the target nucleus, can
contribute significantly to coherent multiple scattering.
Shadowing should therefore start as soon as
λX > d ≃ 2 fm . (3)
From Eq.(2) one finds that at Q2 ≫ 1 GeV2 the condition (3) is met at x<∼ 0.1 in ac-
cordance with the measured effect. Since λX decreases with increasing MX , low mass
excitations with MX <∼ 1 GeV are relevant for the onset of shadowing. When x decreases
far below 0.1, shadowing increases strongly. This behavior is mainly caused by the diffrac-
tive production and coherent multiple scattering of hadronic states with masses MX > 1
GeV. At x ≪ 0.1 it is also the energy dependence of the diffractive production cross
section and of the hadron-nucleon cross section σXN which influences the x-dependence
of shadowing.
To illustrate this behavior, consider the shadowing ratio RA = σγ∗A/Aσγ∗N = 1 −
δσγ∗A/Aσγ∗N , parametrized as:
RA − 1 = −c
(
1
x
)ε
, (4)
with a constant c at small Q2 where data are actually taken, and a characteristic exponent
ǫ. At asymptotically large energies Regge phenomenology suggests ε ≃ 0.1 [8, 9]. 2 In
Fig.1 we show the quantity
log (1− RA) = log c− ε log x, (5)
plotted versus log x in comparison with data taken on Pb at small Q2. This plot confirms
that, for x < 3 · 10−3, the shadowing effect indeed approaches the high-energy behavior
expected from the Regge limit of diffractive production. Deviations from this asymptotic
behavior at larger values of x indicate how shadowing gradually builds up as the coherence
length λX ∝ x−1 starts to exceed nuclear length scales for diffractively produced states of
low mass. At sufficiently high energy or small x, the coherence length becomes comparable
2 At the typical average center of mass energiesW < 25 GeV used in experiments at CERN and FNAL,
a somewhat stronger energy dependence is expected through the kinematic restriction to diffractively
produced hadronic states with masses MX < W .
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Figure 1: The quantity log (1−RA) as a function of log x for data taken on Pb [10]. The
dashed line corresponds to the asymptotic energy dependence (5) with ε = 0.1.
to nuclear dimensions even for heavy hadronic intermediate states. Then shadowing starts
to approach its asymptotic high-energy behavior.
Note that this asymptotic behavior of shadowing sets in when the coherence lengths λX
of low mass hadronic fluctuations exceed by far the diameter of the nucleus. For example,
at x = 3 · 10−3 and Q2 ≃ 0.7 GeV2 which corresponds to the onset of the asymptotic
behavior in Fig.1, the ρ meson coherence length becomes λρ ≃ 36 fm. The influence of
the nuclear size on shadowing is not apparent, and we wish to understand why this is so.
In the following we present a detailed analysis of the role played by characteristic length
scales of nuclei in high energy deep-inelastic scattering. In Section 2 we recall the basic
features of nucleon and nuclear structure functions in coordinate space. The influence
of nuclear scales on the coherent interaction of hadronic states present in the diffractive
mass spectrum of the photon is discussed in Section 3.
2 Structure functions in coordinate space
The space-time evolution of nuclear deep-inelastic scattering is viewed most instructively
in coordinate space [11, 12] where one can directly compare the characteristic distances
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involved in deep-inelastic scattering with scales provided by the nuclear target.
The coordinate-space structure function F2 is related to the momentum-space structure
function F2 by:
F2(l, Q2) =
∫ 1
0
dx
x
F2(x,Q
2) sin (lMx) . (6)
In the laboratory frame with the zˆ-axis along the direction of the incident photon momen-
tum, the Fourier transform (6) projects out contributions from the light-cone, i.e. from
time and space intervals along the direction of the photon. We have t + z = 2l, and the
longitudinal distances involved in the process are z ≃ t ≃ l.
l [fm]
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Figure 2: Full line: empirical proton structure function F2 in coordinate space for Q2 =
2.25 GeV2 as obtained from the parametrization of Ref.[13]. The full dots correspond to
the approximate relation F2(l) ∼ F2(x = 1/(1.5Ml)). The dashed and dash-dotted curves
correspond to F2(x = 1/(2Ml)) and F2(x = (1/Ml)), respectively. The approximate
coordinate-space distributions are normalized to the exact result at l = 5 fm.
We show in Fig.2 the proton structure function F2 at Q2 = 2.25 GeV2 as obtained from
the parametrization of Ref.[13]. One observes that F2 rises at small l, develops a plateau
at l ≃ 1 fm, and increases further at large l. At l < 1 fm F2 is determined by average
properties of the corresponding momentum-space structure function F2, as expressed by
its first few moments [14, 15]. For example, the derivative of F2 at l = 0 reflects the
fraction of the nucleon light-cone momentum carried by quarks. At large distances, l > 2
fm, F2 is governed by the small-x part of F2 and l ∼ 1/Mx. As an example, we find
approximately F2(l) ∼ F2((x = 1/(1.5Ml)) for Q2 = 0.5 – 6 GeV2 as illustrated in Fig.2.
Evidently, the interacting photon-nucleon system at high energy stretches over distances
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very large compared to what one usually associates with the ”size” of the nucleon. The fact
that F2 extends over such large distances has a natural interpretation in the laboratory
frame: at correlation lengths l much larger than the nucleon size, F2 reflects primarily
the partonic structure of the interacting photon.
Consider now deep-inelastic scattering from nuclei. The gross features of the observed nu-
clear effects can be interpreted in a surprisingly simple way when considered in coordinate-
space. Two different kinematic regions can be distinguished immediately:
• At distances l < d, smaller than the average spacing between two nucleons, d ∼ 2
fm, the virtual photon interacts incoherently with the constituents bound in the
target nucleus.
• At larger distances, l > d, several nucleons can participate in the interaction. De-
viations of nuclear structure functions from the one of the free nucleon are then
expected to come from coherent scattering on at least two nucleons.
Fig.3 shows the ratio of the calcium and free nucleon coordinate-space structure functions,
RF2 = FCa2 /FN2 , as obtained from a fit to empirical nuclear momentum-space structure
functions [12]. One observes a clear separation of nuclear effects at small and large
distances l. At l > 2 fm a strong depletion of the nuclear structure function is found: the
virtual photon behaves like a beam of quarks and gluons which scatters coherently from
several nucleons in the target causing nuclear shadowing. On the other hand, at l < 2 fm
nuclear effects are small, indicating that the intrinsic structure of bound nucleons is not
much changed in the nuclear environment.
3 Shadowing and nuclear scales
While the average separation of nucleons in nuclei evidently plays a prominent role in the
nuclear structure functions, the size of the target nucleus itself seems not to be important:
shadowing continues to increase for distances much larger than the nuclear diameter.
The reason for this behavior is found in the fact that the interacting virtual photon
couples to a spectrum of hadronic fluctuations which come with different propagation
lengths. To investigate this issue further we consider in the following the coordinate-
space representation of the shadowing correction δFA2 = F
A
2 − FN2 :
δFA2 (l, Q2) =
∫ 1
0
dx
x
δFA2 (x,Q
2) sin (lMx) . (7)
We are interested in the influence of the invariant mass MX of the diffractively produced
hadronic states, as it appears in the coherence length (2). For this purpose, consider first a
simple ansatz for the diffractive production cross section which determines the shadowing
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Figure 3: Coordinate-space ratio RF2 = FCa2 /FN2 at Q2 = 4 GeV2 for the F2 structure
function of 40Ca as taken from Ref.[12]. Also shown are the ratios for the gluon distri-
butions, Rg and the valence-quark distributions, Rv, as discussed in [12]. Note that the
nucleon structure functions are normalized per nucleon.
correction in Eq.(1). Suppose that a single, ”vector meson” - like state X = V with
invariant mass mV contributes, and that its diffractive production cross-section has the
form suggested by vector meson dominance [16]:
d2σdiffγ∗N
dM2Xdt
∣∣∣∣∣∣
t≈0
=
α
4
m2V σ
2
V N
(m2V +Q
2)2
(
mV
gV
)2
δ
(
m2V −M2X
)
. (8)
In this schematic discussion we use a constant hadron-nucleon cross section, say σV N ≈ 20
mb, and assume that the dimensionless coupling gV scales roughly with mV .
3 The two-
body nuclear density in (1) is expressed as a product of one-body densities multiplied with
a nucleon-nucleon correlation function, ρ
(2)
A (b, z1, z2) = ρA(b, z1)ρA(b, z2)C(z1 − z2). The
one-body densities ρA(b, z1) are parametrized by a square well, normalized to the nuclear
mass number A. For the correlation function we take a simple step function C(z) =
KΘ(|z|−z0) with z0 = 0.8 fm [17] and K fixed by the normalization
∫
d3r1d
3 r2ρ(r1, r2) =
A2.
Fig.4 shows the shadowing correction δFA2 in coordinate space for 12C at Q2 = 4 GeV2
using different values for the invariant mass mV of the interacting hadronic state. The
onset of shadowing, as well as its saturation at large distances l, shows a significant
dependence on mV . This can easily be explained by recalling Eq.(2). At small values of
Bjorken-x the longitudinal interaction length involved in deep-inelastic scattering is given
3For the following discussion the detailed numerical values of σV N and gV are actually not relevant.
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Figure 4: The shadowing correction δFA2 of Eq.(7) derived from the schematic model (8)
for 12C, calculated at Q2 = 4 GeV2 using three different values for the invariant mass mV
of the interacting hadronic state. The solid curve is the sum of all three contributions.
approximately by l ≃ 2/(3Mx) as illustrated in Fig.2. In combination with Eq.(2) one
finds that the coherence length λ of a hadronic fluctuation with mass mV exceeds a given
distance ∆ when:
l >
2∆
3
(
1 +
m2V
Q2
)
. (9)
The onset of shadowing occurs for distances close to the average nucleon-nucleon separa-
tion in nuclei, ∆ ≃ d ≃ 2 fm. For mV ≃ 1 GeV and Q2 ≃ 2 GeV2 the condition (9) is
satisfied at l ≃ 2 fm. For heavier states Eq.(9) implies larger values of l, in agreement
with Fig.4.
At large distances shadowing saturates for each given mV and approaches a constant
value. This behavior is expected once the coherence length gets larger than the nuclear
diameter, i.e. λ > 2RA. As mV increases, larger values of l are needed for both the onset
and the saturation of shadowing. With ∆ = 2R12C ≈ 5 fm, the condition (9) reproduces
the values of l where saturation is observed in Fig.4.
In summary, the shadowing correction caused by a hadronic state with fixed invariant mass
mV reveals two characteristic nuclear scales, namely the average distance between two
nucleons and the nuclear diameter. However, summing over contributions from hadronic
fluctuations with different masses masks the role played by the nuclear diameter.
We have just demonstrated these features of coherent nuclear shadowing using a simple
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schematic model. This can of course also be verified within a more realistic description of
diffractive photon-nucleon scattering. Consider a parametrization [18] for the diffractive
cross section, based on Regge phenomenology. The differential production cross section
for hadronic states with invariant mass MX > 1.2 GeV is written in factorized form:
dσdiff
dx
IP
dt
∣∣∣∣∣
t=0
=W 2
dσdiff
dM2Xdt
=
Q2
4π2α
fIP/N(xIP)F2IP(x/xIP , Q
2), (10)
where F2IP is commonly interpreted as the “structure function” of the pomeron, and
fIP/N(xIP) =
σpp
16π
1
x
2α
IP
−1
IP
(11)
describes its distribution in the nucleon, with x
IP
= x
(
1 + MX
Q2
)
the fraction of the nucleon
momentum carried by the pomeron. The intercept of the pomeron is taken to be α
IP
= 1.08
[8]. The proton-proton cross section (due to pomeron exchange) is fixed at σpp = 40 mb
[18].
The pomeron structure function is split into a quark-antiquark component and a contri-
bution due to triple pomeron exchange, F2IP = F
(qq¯)
2IP + F
(3IP)
2IP , where
F
(qq¯)
2IP =
8(5 + λs)β
2
0
3σpp
NseaQ
2
Q2 + Q20
β(1− β), (12)
F
(3IP)
2IP =
g3IP√
σpp
FN sea2 (β,Q
2). (13)
Here β = x/x
IP
is the fraction of the pomeron’s momentum carried by the struck quark.
Following [18] we use β20 = 3.4 GeV
−2, λs = 0.5, Nsea = 0.17, Q
2
0 = 0.485 GeV
2, and g3IP =
0.364 mb1/2. These parameters give a good description of diffractive photoproduction on
nuclei, when combined with a cross section σXN ≃ 20 mb for the re-scattering of quark-
gluon configuration in a multiple scattering expansion. The sea quark contribution FN,sea2
to the nucleon structure function F2 has been extracted from the parametrizations of
Refs.[13].
The contributions of the light vector mesons ρ, ω, and φ are described by the vector meson
dominance expression (8). The vector meson coupling constants are fixed at gρ = 5.0,
gφ = 16.3, and gω = 13.2. The vector meson-nucleon cross sections are parametrized as:
σρN = σωN = 13.6s
α
IP
−1 + 31.8sαIR−1 and σφN = 10.0s
α
IP
−1 + 1.5sαIR−1, with s =W 2 and
α
IR
= 0.55.
With these ingredients data on nuclear shadowing from CERN [4] and FNAL [19] can
be reproduced satisfactorily. In Fig.5 we show the resulting shadowing correction δFA2 in
coordinate space, Eq.(7), taken at Q2 = 4 GeV2. Contributions from light vector mesons
and from hadronic states with intermediate invariant mass, 1.2 GeV < MX < 3 GeV, are
displayed separately. We observe the same features as in our previous toy-model results of
Fig.4: a specific hadronic state in the diffractive mass spectrum of the photon contributes
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Figure 5: The shadowing correction δFA2 in coordinate space (7) as obtained from the
parametrization of the diffractive production cross of Ref.[18] taken at Q2 = 4 GeV2.
Contributions from vector mesons and hadronic states with invariant mass 1.2 GeV <
MX < 3 GeV are shown separately.
significantly to shadowing as soon as its coherence length λX exceeds the average nucleon-
nucleon distance. Saturation occurs when λX becomes larger than the nuclear diameter,
or equivalently, for
l
>∼ 4RA
3
(
1 +
M2X
Q2
)
(14)
Then the weak dependence of shadowing on l reflects the weak energy dependence of the
diffractive photon-nucleon cross section. However, after summing over the shadowing cor-
rections from all hadronic states with masses in the entire range MX < W the saturation
condition (14) is dispersed over a broad l-interval and the dependence on the nuclear size
gets hidden, leaving the average nucleon-nucleon distance as the only remaining ”visible”
scale.
4 Summary
Shadowing in deep-inelastic lepton-nucleus scattering at small Bjorken-x can be viewed
as an effect related to the coherent propagation of quark-gluon fluctuations of the virtual
photon in the nuclear medium, hence the close analogy to notions familiar from wave
optics.
9
This phenomenon is best illustrated in coordinate (rather then momentum) space. At
x << 0.1, the quark-gluon fluctuations extend along the light-cone over distances large
compared to the size of the nucleus. The picture in the laboratory frame is that of a
”beam” of quark-antiquark pairs and gluons passing through the target nucleus.
The coherence (or propagation) length of each spectral component of this ”beam” is
governed by its invariant mass. Low mass components propagate over the largest distances
and behave as vector mesons. Higher mass components require very high photon energies
(at fixed Q2) or, equivalently, very small Bjorken-x in order to travel over large distances.
These components are properly treated within Regge phenomenology, as in high-energy
diffractive production.
Each individual spectral component has a distinct shadowing behaviour as a function of
the longitudinal distance scale, with the shadowing effect saturating at large distance when
propagation length (at given invariant mass) exceeds the nucleon diameter. However,
when summing over all (low mass and high mass) fluctuations, we expect that the nuclear
radius disappears as a visible parameter and saturation is not reached. This interesting
phenomenon should have observable consequences in nuclear structure functions at the
smallest possible values of Bjorken-x.
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